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ABSTRACT 
 
A standard grade diglycidyl ether of bisphenol-A, DGEBA, epoxy resin was 
evaluated using differential scanning calorimetry, DSC, to determine the optimum 
stoichiometric balance of a dicyandiamide, DICY, curing agent.  The maximum 
attainable glass transition temperature, Tg, was used as a reference point for the optimal 
reactivity.  The stoichiometric value was found to be 8 epoxy groups to 1 equivalent of 
dicyandiamide, or an 80% stoichiometric ratio.  This value lies within the known 
literature range of 7-8.5 epoxy groups per dicyandiamide molecule.  The optimal blend 
was then catalyzed with 1, 2 and 3 parts by weight, PBW, of Dyhard UR500, a 
difunctional urone catalyst.  A separate blend was developed for each addition level of 
Dyhard UR500.   
 Six non-halogenated flame retardants synergies were selected from the literature, 
and each flame retardant was incorporated at 10 PBW into a separate optimized 
DGEBA/DICY blend, which contained either 0,1,2 or 3 PBW Dyhard UR500.   
Cured neat resin and composite samples for each synergy, with each addition 
level of catalyst, were evaluated to determine the effects of urone catalysis on known 
non-halogenated flame retardant synergies.  The neat resin analysis was performed using 
thermogravimetric analysis, TGA.  The ASTM methods of E1641 and E1877 were used 
to determine the slope of the thermal endurance graph, or RTI, the slope of the relative 
thermal index.  Composite laminates were prepared using T300B 3K carbon fiber 
containing 40% resin content, and five samples were evaluated in accordance with the 
UL-94 test standard. 
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The DSC data showed a reduction in Tg with each increased PBW of urone 
catalyst.  The observed reduction in Tg for these blends is understood to be an accurate 
representation for the decrease in crosslink density resulting from chain termination 
during cure.  A comparison between the slope of RTI and the UL-94 test data indicate 
that this reduction in crosslink density has different influences on the flammability and 
thermal performance of each non-halogenated flame retardant synergy.  The effects of the 
urone catalysis were shown to be highly dependent on the mechanism of decomposition 
for each flame-retardant synergy.  It was also determined that the flame resistance and 
RTI were dependent on the ability of each flame retardant to synergize with decomposing 
nitrogen moieties that were contained in the selected urone catalyst.    
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1. INTRODUCTION 
Epoxy resins are versatile thermoset polymers used in a wide variety of applications 
and industries such as electronics, high performance composites for structural and 
aerospace, and potting and encapsulation, to name a few.  In the hands of the skilled 
formulator, epoxy resin properties can be tailored to meet specific application demands 
through the judicious choice of the epoxy, curing agents, additives and accelerants.   
Standard diglycidyl ether of bisphenol-A epoxy resins possessing the structure shown 
in Figure 1-1 have the significant drawback of inherently high flammability.  Since flame 
resistance is often critical to electronics and aerospace applications, flame retardant 
epoxies have been an area of research interest for many years.  Initially, flame retardant 
additives containing bromine or antimony were used in high-performance epoxy 
composites, as these additives possesses highly efficient synergistic properties and 
outstanding flammability performance.  Research conducted over many years, led to 
increased knowledge of the toxicity of these highly-utilized flame retardants.  A 
transition to the use of non-toxic and non-halogenated flame retardants in epoxy resin 
applications is becoming more prevalent in current industry, in effort to curb an increased 
number of proven deaths by smoke inhalation.  In the last two decades, significant 
research efforts have been made to evaluate the effectiveness of non-halogenated flame 
retardants.    
 
Figure 1-1. Chemical structure of standard bisphenol-A epoxy resin. 
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The synergies of non-halogenated flame retardants in epoxy resins have been well 
studied and reported.  However, the amount of published research presenting the effects 
that catalysis can have on these synergistic properties is limited.  The primary goal of this 
research is to use a di-functional urone catalyst to accelerate an epoxy resin cured by 
dicyandiamide, and determine the effect that this catalysis poses to selected flame-
retardant synergies reported in the literature.   
 1.1 Motivation 
The epoxy resin curing agent dicyandiamide, or DICY, has been well studied for 
many decades; the acceleration of the DICY cure reaction by urone catalysis has also 
been reported numerous times in the literature.  Due to its insolubility in epoxy resin, 
DICY is highly latent.  The excellent latency, coupled with its rapid cure kinetics, make 
DICY an excellent curing agent choice for composites.  However, the high temperature 
required to initiate and complete cure, as well as the exothermic cure energy, can be 
undesirable.   
Epoxy resins are inherently flammable.  To use epoxy resins in high performance 
composites, flame retardants often must be compounded or reacted into them to improve 
flame resistance.  Unfortunately, the addition of flame retardants to the epoxy matrix can 
have a negative impact on the cure rate, as well as the overall cured thermal and 
mechanical properties of the resin.  It is well known by those skilled in the art of 
formulating flame resistant resins that the use of a single flame retardant is often 
insufficient to meet the stringent flame resistance requirements demanded by industry.  
Consequently, multiple flame retardants are often incorporated into an epoxy matrix to 
meet these requirements. 
5 
 
 1.2 Cure Chemistry of Dicyandiamide 
 DICY, as shown in Figure 1-2, has been widely studied in the literature for its use 
of curing epoxy resins.   During the cure of epoxy resins by DICY, several possible 
reaction routes and products have been proposed [1-10]. 
 
 
Figure 1-2. Chemical structure of dicyandiamide (DICY). 
   The high latency of DICY is generated by its high insolubility in epoxy; it is 
essentially non-reactive at ambient temperature, for very long periods of time.  Although 
this degree of latency is often quite desirable for many applications, the poor solubility of 
DICY in epoxy resin formulations creates the requirement of periodically milling or 
mixing the curing agent, to maintain suspension in the resin package.  When DICY is 
heated to its melt temperature, it dissolves in the epoxy and becomes reactive.  Several 
factors influence the cure behavior of DICY with epoxy resins; critical factors listed in 
the literature include purity, particle size, stoichiometric level, and the specific epoxy 
resin used as the matrix. 
  There are many commercial purity grades and particle sizes of DICY, resulting from 
the individual manufacturer process.  Sacher studied the effect of DICY particle size on 
the cure kinetics and degree of cure with diglycidyl ether of bisphenol-A, DGEBA; a 
noticeable difference in reactivity between small and large DICY particles was observed 
[2].  When comparing reactivity levels of small vs. large DICY particles in DGEBA 
resin, it was found that smaller particles not only achieved higher degree of conversion, 
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but also did so at a faster rate than the larger particle size.  Sacher explained this 
observation by recognizing the reduced mobility of the larger particle DICY.  
Additionally, it was noted that active hydrogens on the larger particle DICY surface, 
which were unable to react with specific epoxy groups, were easily reached by smaller 
DICY particles.  This research also noted that larger particle DICY creates cross-linked 
segments at very high degrees of conversion, in an overall matrix of overall lower 
conversion, when compared to the smaller particle DICY [2]. 
It was shown by Hu et al., that during the DICY cure of epoxy resin, while the cure 
temperature is lower than the maximum possible glass transition temperature, Tg∞, the 
reaction is diffusion controlled [11].  Diffusion controlled reaction rates are governed by 
the ability or inability of the epoxy resin to reach neighboring active amine hydrogens in 
the DICY and begin the formation of a crosslink network. In general, epoxy resin 
combined with DICY is a diffusion controlled reaction until the chemical conversion 
reaches the gel point.  Once chemical gel is achieved, the beginning of a cross-linked 
network is formed.  At this point, the viscosity of the resin significantly increases, 
thereby causing a reduction in the cure reaction kinetics.  The conversion process 
continues as the resin is held at the cure temperature, and the resin transitions into a 
glassy state [11].  This final vitrification has been observed to further decelerate the 
curing reaction, again due to the restriction of reactant diffusion [12-13].  The isothermal 
curing of epoxy resins is often described with the Kamal model, which is successfully 
applied to the curative science of DICY [11].  
Güthner et al. performed studies to determine the effects that the resin functionality 
has when reacted in non-stoichiometric amounts of DICY [4].  Differential scanning 
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calorimetry, DSC, analysis showed that the reaction enthalpy, a direct relation to the 
addition of NH to epoxy groups, was optimized between the range of 7-8.5 epoxy groups 
for standard liquid DGEBA resin, per DICY molecule.  The Tg maximum was observed 
at 7.7 epoxy groups per DICY molecule.  The use of less than a 77% stoichiometric 
balance of DICY was found to reduce the glass transition temperature of the epoxy resin 
system, due to insufficient active hydrogens to form crosslinks.  The use of greater than a 
77% stoichiometric balance of DICY was also found to reduce Tg.  This reduction in Tg 
was attributed to the significant number of DICY molecules that were unable to react 
with the epoxy group, due to the reduced molecular mobility, once the stoichiometric 
balance was reacted [4]. 
Poisson also studied the effect of particle size on DICY cure kinetics [14]. Poisson 
determined that at low temperatures, the etherification mechanism responsible for 
creating the Tg difference in different sized DICY particles did not occur, but that this 
mechanism was highly prevalent at higher cure temperatures.  It was concluded that the 
optimal stoichiometry needed to achieve the maximum degree of chemical conversion is 
dependent on the specific DICY particulate size used, and that the stoichiometry must be 
empirically determined, on a case by case basis [14].  
1.3 Dicyandiamide Accelerated by a Urone Catalyst 
It has been shown that depending on the chosen accelerator, DICY cure kinetics can 
exhibit significant variation [3-4,14-15].  Hayaty et al. showed that a higher curing 
temperature facilitates the dissolution of DICY in epoxy resin, and thereby, increases the 
degree of cure for the overall final resin product [1].  Haytay also reported that urone 
catalyzed dicyandiamide curing reactions are dominated by several different 
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parallel/consecutive reaction pathways and mechanisms.  Due to these parallel and 
competing mechanisms, a change in cure temperature changes the relative kinetics among 
these cure mechanisms [1].   
Poisson et al. presented that urones used as accelerators for DICY will dissociate into 
isocyanate and dimethyl amine [14].  Dimethyl amine subsequently reacts with an epoxy 
group to give a tertiary amine, which in turn, catalyzes the reaction of DICY with 
available epoxy groups.  Because the addition of a urone accelerator alters the optimal 
stoichiometric DICY balance, it is known that incorporating any quantity of urone 
accelerator will reduce the Tg in favor of increasing the reaction kinetics and reducing the 
reaction onset temperature.  The altering of stoichiometry is explained by the urone 
dissociation initiating a reaction with the epoxy group, leading to nonreactive functional 
groups.  Poisson stated that, since part of the epoxy functionality reacts with the urone 
dissociation products, the amine to epoxy, A/E, ratio changes during this step of the 
reaction [14]. The urone acts as a chain termination agent, which leads to dangling chains 
in the polymer backbone; these dangling chains are unable to participate in further 
reactions, thus causing the cured Tg of the resin to decrease.   
1.4 Polymer Fire Science and Theory of Decomposition 
In general, when fire exists, smoke is present.  Green cited that 80% of global fire 
deaths can be attributed to smoke inhalation [16].   Therefore, in our ever-increasing 
polymer populated world, it is critical that many polymers used in commercial markets 
have adequate flame resistance and low toxicity.  
The critical zone for the combustion and flammability of polymers is the polymer 
surface, because it is the interface between the condensed phase and the gas phase.  The 
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nature of polymer surface controls the degree of flame fueling and propagation, as it is 
responsible for mass and heat transfers throughout the polymer.  Combustion occurs as 
heat reaches the polymer surface, and is subsequently absorbed into the bulk polymer, or 
the condensed phase.  Once the polymer reaches its thermal degradation limit, volatile 
polymer degradation products diffuse towards the surface and the gas phase, providing 
fuel to the flame [16].  Per Braun et. al., the fire behavior of a polymeric material is 
controlled by the pyrolysis zone, which is comprised of the pyrolysis temperature, char 
yield, activation energy, heat release rate, and heat of combustion of the volatile pyrolysis 
products [17].  An accurate representation of the combustion process is shown in Figure 
1-3. 
 
Figure 1-3. The combustion cycle and process throughout the gas and condensed phases 
of a polymer [18]. 
 Rakotomalala et al. provides further elaboration of the interactions which occur in 
the condensed phase, citing the four different reactions that take place [19].  There are 
two different primary reactions that initiate random-chain scissions, which generate 
radical species.  The third set of simultaneous reactions can occur when various 
functional groups or atoms that are not part of the polymer backbone, are stripped off 
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through the chain stripping process.  The fourth dominant reaction occurs when the 
radicals produced during the chain scission, crosslink to form new thermally stable 
polymers, otherwise known as char [19].  
 In general, there are two common ways to render a polymer flame resistant.  The 
first method is to blend a flame retardant into the matrix; the second is to introduce the 
flame retardant via chemical reaction.  The primary difference between these two 
pathways is that the flame retardant that was blended behaves as an additive; this type of 
flame retardant is often referred to as non-reactive.  The flame retardants that are 
introduced via chemical reaction, causing covalent attachment to the polymer, are often 
referred to as a reactive flame retardants [19]. 
1.5 Thermal Stability and Flame Resistance of Epoxy Resins and Composites 
Diglycidyl ether of bisphenol-a is possibly the most widely used epoxy resin due to 
its ease of processing and compatibility with many curing agents.  Once cured, DGEBA-
based resins exhibit good physical strength, and good resistance to solvents and 
chemicals [20]. Although, thermal stability is a weak point for DGEBA based resins, as 
they are highly inflammable.  This weak point limits the application of these resins for 
high performance composites in the aerospace and other demanding industries. 
 Rakotomalala showed that when DGEBA is cured, it leads to relatively linear and 
flexible polymer chains [19]. Hence, under thermal stress, the flexible DGEBA polymer 
easily undergoes main chain scission, resulting in the formation of smaller polymer 
chains; these shorter polymer chains not only produce a lower Tg than higher 
functionality epoxy, but also melt and drip off the burning polymer [19]. 
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 When amine cured epoxy resins thermally decompose, the first step that occurs is 
the dehydration of the secondary alcohols, formed during the cross-linking reaction, to 
yield allylic amides [21-23].  The weak C-N bond formed during curing will then 
undergo allylic-nitrogen bond scission, to form volatile particles or contribute to charring 
[24].  The thermal degradation path to the formation of char is illustrated in Figure 1-4.  
Levchik et al. reported that epoxy resins cured with amines tend to produce more char 
and are overall less flammable than acid or anhydride cured resins at comparable 
crosslink densities [25]. 
 
Figure 1-4. The thermal degradation paths of an amine cured epoxy resin [19]. 
Carbon fiber is a common reinforcement for epoxy resin matrices. In general, 
there are fundamentals that apply to the flame-resistance performance of each respective 
fiber type.  It is well known that the chemical composition of carbon fiber will vary with 
each fiber manufacturer and their process. An approximate range of fiber compositions is 
described by Jiang et al. [26].  To use Jiang’s assessment as a broad generalization, 
carbon fibers are approximately 80% carbon, 15% oxygen, with the remaining 
composition being hydrogen and various minor species.  When a carbon fiber composite 
ignites, gases form, which begin to develop a preferred escape pathway through the 
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composite.  These gases are the source of flame propagation; consequently, local flames 
develop along the escape path.  Carbon fiber does decompose when exposed to flame, but 
these reactions are generally regarded as negligible until temperatures exceed 700°C [27]. 
Brown et al. observed that carbon fiber swells during decomposition and postulated that a 
synergy exists between the fiber and epoxy matrix, in the process of forming char layers.  
Brown’s data suggested that, as the composite burns, the gases inside the unburned 
portion of the resin matrix are often unable to escape due to a physical barrier from the 
fiber and char layers.  Brown showed that by trapping these gases in a flammable epoxy 
carbon fiber composite, pressure can build up within the laminate and ultimately cause 
delamination of the composite.  When composite fibers begin delaminating from each 
other and the matrix resin, the unburned surface of the composite becomes exposed and 
the flame continues to propagate [27]. 
1.6 Halogenated Flame Retardants & Mechanisms of Action 
To fully understand the need for non-halogenated flame retardants in epoxy resin 
applications, a brief synopsis of historically used halogenated flame retardants must be 
provided. 
Green reported that halogenated flame retardants function in the vapor phase by a 
radical mechanism which interrupts and suppresses the exothermic combustion process 
[16].  In some cases, halogens are also able to retard flame propagation through the 
physical condensed phase, provided the halogen gases released upon combustion are of 
sufficient quantity; this phenomenon can be compared to the flame-retarding effect 
caused by blanketing a polymer with the inert gases carbon dioxide or nitrogen [16].   
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For many decades, the epoxy resin industry has effectively used brominated 
compounds as one of its primary flame retardants.  Brominated flame retardants follow 
the traditional halogen decomposition mechanism by promoting flame suppression 
through the release of bromine radicals.  These released radicals compete for reactions 
with the volatile polymer free radicals, that would otherwise react to propagate the flame.  
To supplement this concept, work performed by Larsen proposed that the radical 
scavenging of halogen-based flame retardants occurs by effectively diluting the density 
[28] and lowering the mass heat capacity of the gaseous fuel-oxidant mixture [29], 
ultimately halting the propagation of flame [30].   
The toxicity of halogenated flame retardants, even unincorporated in a matrix system 
are significant health hazards.  Government entities across the globe have begun to phase 
out halogenated flame retardants due to their environmental and toxicological impact. 
Tetrabromobisphenol A, TBBPA, is possibly the most widely used brominated flame 
retardant in epoxy matrix resins.  Although TBBPA is still used in certain applications, its 
use in high performance applications has significantly decreased over the past two 
decades.  As of 2004, other brominated flame retardants, such as PentaBDE and 
OctaBDE (polybrominated diphenylethers), were phased-out of production in North 
America and Europe entirely because of the uncertainty in the safety of their use [28].  
Due to environmental hazards and the danger to human lives, extensive efforts in 
researching replacements for halogenated systems have been completed and continue to 
this day. 
1.7 Non-Halogenated Flame Retardants & Mechanisms of Action 
1.7.1 Chemistry of Phosphorus-Based Flame Retardants 
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Phosphorus-based flame retardants, like halogenated flame retardants, reduce the heat 
released in the gas phase from combustion by scavenging reactive free radicals [29,31-
33].  Yet, phosphorus flame retardants are also able to act in the condensed phase.  As the 
matrix resin decomposes, phosphorus begins to act like an intumescent flame retardant 
[34]. Once in the condensed phase the phosphorus-containing functional groups 
thermally decompose to phosphoric acid [31].  The polyphosphoric acid esterifies, 
dehydrates the polymer, and then forms a protective carbonaceous layer on the polymer 
surface. This protective layer is heat-resistant at higher temperatures and shields the 
underlying polymer from attack by oxygen and radiant heat [32-33].  It has been well 
demonstrated that flame retardant properties of a polymer can be predicted from its char 
yield at temperatures higher than 700°C [32-33,35-42].  A relationship between char yield 
ratio (CR%) at 850°C under nitrogen, and Limiting Oxygen Index, LOI, has been 
reported [31,42].  In a thermogravimetric analysis performed by Jain, the relationship 
between increasing phosphorus level content and char yield was found to possess a linear 
relationship [20].  Lin et al. documented two specific behaviors of phosphorus-based 
flame retardants [43].  The first observation is that, as the phosphorus content in a matrix 
resin is increased, the onset temperature of degradation decreases.  The second 
observation was that, as phosphorus content increased, the char yield increased.  Lin 
attributed the decrease in the onset of the degradation temperature to the phosphorus 
functionality causing a reduction in the crosslink density [43]. 
Research performed by Gerard et al. postulated that the efficiency by which 
phosphorus can reduce the heat release capacity and enhance char formation is linked to 
the oxidation state of phosphorus [44].  Through flammability assessment of various 
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phosphorus compounds, the following relationship for oxidation state was identified: PO4 
>:PO3 ≈ RPO3 > R3PO.   Gérard’s observations agreed with conclusions drawn by Braun 
et al [17]. 
 Studies performed by Rakotomalala showed the exact mechanism in which 
phosphorus promoted flame resistance varied between each formulation tested, since the 
degradation of an epoxy resin is heavily dependent on the nature of the resin, hardener, 
and other additives applied in the matrix [19,25].  Phosphorus-based flame retardants will 
generally form polyphosphoric acids under thermal stress.  Polyphosphoric acids are 
known to promote the formation of thermally stable char.  A major benefit in selecting 
phosphorus based flame retardants for an application is that both mechanisms, gas and 
condensed phase, are taking place [45-46]. 
1.7.2 Chemistry of Intumescent Flame Retardants 
Intumescent flame retardants create a protective carbon foam under fire conditions; 
when a polymeric material expands in response to heat, or intumesces, a protective 
carbon foam forms [29].  The formation and expansion of the carbon foam is caused by 
gas bubbles trapped in the carbonaceous layer.  These gas bubbles generally retard heat 
transfer more efficiently than a solid char layer.  An effect known as “blowing-out” can 
be described as an ignited polymer exhibiting an unstable flame for several seconds, and 
then gases subsequently jetting outward from the condensed-phase surface; the flame is 
extinguished with the appearance that the jetting gases blew out the flame.   It should be 
noted that, although the intumescent process occurs in the condensed phase, the 
intumescent char layer cannot be formed without the assistance of appropriate gas release 
in the vapor phase; this is likewise true to enable to blowing-out effect [47-48].  It has 
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been shown that mechanisms for both intumescence and the blowing-out effect depend 
on the level of synergy between the gas phase and condensed phase [48]. 
Intumescent flame retardants react entirely in the condensed phase, and either 
provides its own carbon char or uses the polymer as a carbon char source. In most cases, 
intumescent chemistry is composed of three primary components that make the carbon 
char form [29]. The first component is an acid catalyst, which causes the carbon source, 
the second component, to crosslink and form a thermally stable carbon moiety. The third 
component is the spumific, or gas former, which causes the carbon source to become a 
carbon foam or porous char.  By themselves, these three components provide some 
degree of flame resistance, but it is ultimately the synergistic combination that provides 
the definitive protection in a polymeric system, when exposed to heat and flame. In some 
cases, each of these three components required to make a true intumescent formulation is 
a separate chemical, which must be combined to create the ultimate flame retardant 
formulation.  However, in some cases, all three components required for intumescence 
are combined into the same structure to make a single flame retardant. 
Alongi et al. illustrated that char morphology and the distribution of voids inside the 
char must be optimized to achieve maximum flame resistance performance [47].  The 
distribution of voids and the morphology of the char in the intumescence structure are 
were found to be controlled by the polymer chemical composition and formation kinetics.  
Alongi concluded that the most important parameters of the expanded char, affecting its 
thermal insulation performance, are its heat conductivity and its ability to swell rapidly 
[47].  The development and formation of a carbonaceous layer is graphically illustrated in 
Figure 1-5. 
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Figure 1-5. Schematic view of an intumescent coating with its different zones (a) and 
development as a function of the conversion degree (b)  [49]. 
Lewin and Menachem explained and elaborated that the char layer constitutes a two-
way barrier, both for the hindering of the passage of the combustible gases and molten 
polymer to the flame, as well as providing a shield against the heat of the flame for the 
polymer [50]. 
1.7.3 Zinc Borate 
Defined by their nomenclature, the chemical structures of all inorganic flame 
retardants contain no carbon atoms.  Common commercial inorganic flame retardants 
include borates, stannates, and silicates.  In this thesis, specific interest is given to zinc 
borate.  As a synergist for halogenated flame retardants, mineral fillers, and phosphorus, 
zinc borate is an excellent choice for the improvement of flame resistance.  Zinc borate 
can resolve afterglow issues resulting from the material being hot enough to reignite 
other nearby objects, even after the fire is out [29].  The addition of zinc borate to an 
epoxy formulation has also been proven to reduce the heat release rate, smoke evolution, 
carbon monoxide generation [51].  Zinc borate creates these flame-retardant properties by 
the mechanism of char-forming intumescence, meaning that it increases the char yield of 
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the polymer, thereby reducing the flammability of the polymer through reduction of 
available combustible volatiles [28]. 
1.7.4 Organophosphorus-Aluminum Diethyl Phosphinate 
 In a study conducted by Kandola et al., the efficiency of organophosphorus flame 
retardants was critiqued.  Kandola reported that the organophosphorus flame retardants 
produced significantly less char upon thermal decomposition, in comparison to 
phosphorus-based and nitrogen-based containing intumescents [52].  It is suggested by 
Kandola that the comparatively lower char formation observed in the epoxy resin 
formulations containing organophosphorus flame retardants is due to the higher reactivity 
phosphorus group, which possibly react with volatile products evolved from epoxy resin, 
which would otherwise assist in the formation of the char layer [53].  However, given the 
significant research collected by others, another possibility was presented that these flame 
retardants are indeed comparable to other intumescent materials.  The rationale for this is 
that the organophosphorus flame retardants used in the study by Kandola et. al. contained 
a lower phosphorus content than that in the comparable synergies of P and N-based 
containing flame retardants. 
 A specific organophosphorus flame retardant of interest to this thesis work is the 
commercially available aluminum salts of diethyl phosphinate, manufactured by Clariant, 
which are commercially available under the brand name Exolit OP 930 and Exolit OP 
935 [54].  Metal phosphinates possess high phosphorus content, often greater than 17%, 
good thermal stability up to 320°C and lower affinity to moisture [19]. Research 
conducted by Braun and Schartel reported that diethyl phosphinic acid is released in the 
gas phase during the decomposition of the polymer [55]. 
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1.7.5 Melamine Polyphosphate  
Upon decomposition, melamine based compounds are well-known spumifics [29].  A 
specific melamine compound of interest to this thesis work is melamine polyphosphate, 
MPP, under the trade name of Melapur 200.  MPP is known for its good thermal stability 
and low impact on Tg. The thermal decomposition of MPP in an epoxy resin matrix is an 
endothermic process, where the MPP acts as a heat sink, releasing inert nitrogen gases to 
dilute oxygen and other flammable gases responsible for flame propagation [29].  In most 
cases, phosphoric acid is formed as a decomposition product of MPP.  When this 
decomposition product is formed, flame resistance is increased, as phosphoric acid is well 
understood as a promoter of char formation on polymer surfaces [46].  For these reasons, 
melamine polyphosphate will be used in this thesis as a flame retardant of study. 
1.7.6 Synergies 
 Lewin and Menachem provided a general definition of flame retardant synergism 
as the combined effect of two or more additives, which is greater than that predicted 
based on the additivity of the effect of the individual components [50].  
Since the curing agent and accelerator evaluated in this thesis both possess nitrogen 
functionality, the synergism of phosphorus and nitrogen is of critical interest.  Qian et al. 
reported agreement with previous literature regarding the degradation behavior of 
phosphorus [56], stating that the phosphorus moiety decomposes at a low temperature 
results in the formation of a protective carbon char layer.  Additionally, Qian could verify 
that, as the char forms, incombustible nitrogen gas is produced, which swelled the carbon 
char layer.  The swelling caused by the nitrogen gas created a porous structure throughout 
the carbon char layer and acted as an insulating barrier against the flame.  Qian concluded 
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that the formation of this insulating barrier was a direct result of the synergism between 
phosphorus and nitrogen [56].   
 Hörold reported that melamine polyphosphate is often used in combination with 
other flame retardants, such as metal phosphinates and phosphates [57], or zinc borate 
[51], but minimal analytical data has been presented to further define the adequacy of 
these synergies.  Likewise, it has been reported that metal phosphinates are most effective 
in combination with a nitrogen synergist, such as melamine polyphosphate [58].  Further 
research is warranted to gain greater understanding of the synergism between nitrogen 
functional curing agents and the flame-retardant synergies described in this thesis.   
1.8 Techniques for the Analysis of Flame Resistance 
1.8.1 Thermogravimetric Analysis  
The thermal stability of cured epoxy resins can be measured using 
Thermogravimetric analysis, TGA.  Zhang et al. and Oliwa et al. state the Tonset as 
temperature at which 5% weight loss occurs.  This is often regarded in industry as the 
temperature onset of thermal decomposition.  The weight remaining or char residue is 
typically measured at a temperature greater than 800°C [59-60].  Using this technique, 
the differences in thermal stability and char formation can be compared as a function of 
flame resistance behavior.  ASTM E1641 is used as a method to determine 
decomposition kinetics using the Ozawa/Flynn/Wall Method and then ASTM E1877 may 
then be used to determine the relative thermal index of the material, RTI, or the 
maximum time at a specific temperature that a material can be exposed and still resist 
change in chemical composition. 
1.8.2 UL-94 Vertical Burn Test 
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The UL-94 vertical burn test consists of applying two 10 second cycles of flame to a 
polymer specimen of specified dimensions [61]. After each flame cycle, the time to self-
extinguishment of the flame is recorded.  The specific requirements for flame height, fuel 
purity and test apparatus, are described in the UL-94 standard.  The UL-94 standard 
indicates the time allotments required for specific flammability ratings based the recorded 
times.  Other methods of evaluating flame resistance are available to the industry, but will 
not be used in this thesis. 
1.9 Objectives 
The objectives of this research were the following: 
1. To evaluate and optimize the stoichiometry of the selected dicyandiamide curing 
 agent when combined with standard DGEBA epoxy resin. 
2. To illustrate and present the effects of thermal stability that varied levels of urone 
 catalysis have on flame retardant synergies in an epoxy resin matrix. 
3.  To determine the flammability of carbon fiber laminates impregnated with the 
 finalized epoxy resin blends and compare these with the neat resin thermal 
 stability and RTI. 
2. EXPERIMENTAL APPROACH 
2.1 Epoxy Selection and Curing Agent Optimization 
 To properly determine the effect that urone catalysis poses to DGEBA epoxy 
resin cured by DICY, the stoichiometric level of DICY must be determined for the 
specific DGEBA epoxy epoxide equivalent weight, EEW, used in the blend.  The 
stoichiometric level must also be specific to the DICY particle size and surface 
functionality, as these are both known to affect the degree of cure for epoxy resin [2].  
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The bisphenol-A epoxy resin selected for this research thesis is DER 331, supplied by 
Olin.   The EEW value is 187 g/eq for DER 331.  The dicyandiamide curing agent 
selected is Dicyanex 1400B, supplied by Evonik.  The amine hydrogen equivalent 
weight, AHEW, is 21 g/eq for Dicyanex 1400B. 
2.1.1 Cure Development of Epoxy with Dicyandiamide Curing agent 
 It is well known that DICY does not react with epoxy groups in a 1:1 
stoichiometric ratio [1-10].  Given that the Tg maximum is generally regarded as the 
highest level of chemical conversion in a thermoset epoxy, this maximum is used in this 
thesis as the baseline for determining the optimal stoichiometry.  Blends containing DER 
331 epoxy resin cured with Dicyanex 1400B were reacted in the amine to epoxy, A/E, 
ratios of 95, 90, 85, 80, 75, 70 and 65 percent.  Each component in all blends prepared 
throughout this thesis were weighed out on a digital centigram balance to each specified 
table value, with a 0.01 g tolerance.  The stoichiometric balances shown in Table 2-1 for 
DER 331 cured by Dicyanex 1400B were calculated using the following equation:  
𝑃𝐵𝑊 𝐷𝐼𝐶𝑌 =
𝐴𝐻𝐸𝑊 (𝐷𝐼𝐶𝑌)×100
𝐸𝐸𝑊 (𝐷𝐸𝑅 331)
 (2.1) 
Table 2-1:  Stoichiometric levels of DER 331 blended with Dicyanex 1400B 
Ingredient 
S-95 S-90 S-85 S-80 S-75 S-70 S-65 
PBW 
(g) 
PBW 
(g) 
PBW 
(g) 
PBW 
(g) 
PBW 
(g) 
PBW 
(g) 
PBW 
(g) 
DER 331 90.35 90.81 91.04 91.75 92.23 92.71 93.20 
Dicyanex 1400B 9.65 9.19 8.96 8.25 7.77 7.29 6.80 
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Stoichiometry (A/E) 95.11 90.12 85.01 80.07 75.02 70.02 64.97 
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To prepare the blends listed in Table 2-1, each mix vessel was charged with the 
required amount of DER 331 and Dicyanex 1400B.  The blends were then mixed for 1 
minute at 3200 RPM using a Ross dispersion-blade mixer, then subsequently checked for 
visual homogeneity of particle dispersion.  As described in section 2.2.1, DSC was used 
to determine the average Tg for each blend in Table 2-1, and the maximum was found to 
occur at an 80% A/E ratio as reported in section 3.1. 
2.1.2 Preparation of DER 331 Cured by Dicyanex 1400B and Catalyzed with 
 Dyhard UR500 
 
The addition of a urone catalyst to a DICY cured epoxy resin, at any significant 
level of addition, will inevitably cause chain termination and lower Tg [14].   Dyhard 
UR500, supplied by AlzChem, was selected as the urone catalyst for this thesis; the 
structure of Dyhard UR500 is shown in Figure 2-1.  The Tg was evaluated by DSC to 
verify reduction in Tg resulting from chain termination.   
Initially, only the S-80-1 DGEBA/DICY blend catalyzed by Dyhard UR500, 
listed in Table 2-2, was evaluated.  The S-80-1 blend was prepared in the masses 
indicated in Table 2-2.  The blend was then mixed using a Ross dispersion mixer at 3200 
RPM for 1 minute and visually inspected after, ensuring full homogeneity.  Additional 
DICY-PBW Dyhard UR500 stoichiometry blends of 75-1, 65-1 and 60-1, prepared in an 
identical manner to the S-80-1 blend.  A DSC analysis was performed on these blends as 
described in section 2.2.2, and the results are reported in section 3.2.  These results agree 
with the observations of Poisson, et. al [14].  Since the adjustment of DICY did not raise 
the Tg value to the original maximum, the addition of each PBW of urone was completed 
without stoichiometric adjustment.  
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Figure 2-1. Chemical structure of Dyhard UR500. 
Table 2-2: Optimized DER 331/Dicyanex 1400B blend with varied Dyhard UR500 PBW 
Ingredient 
S-80-0 S-80-1 S-80-2 S-80-3 
PBW 
(g) 
PBW 
(g) 
PBW 
 (g) 
PBW 
(g) 
  DER 331 91.72 90.83 89.92 89.00 
  Dicyanex 1400B 8.25 8.17 8.08 8.00 
  Dyhard UR500 0.00 1.00 2.00 3.00 
Sum 100.00 100.00 100.00 100.00 
Stoichiometry (w/o UR500) 80.07 80.07 80.07 80.07 
2.1.3 Addition of Flame Retardants to Stoichiometric Optimized Blend 
 Each of the literature determined synergies listed in Table 2-3 were incorporated 
at the indicated masses into each of the optimized blends listed in Table 2-2.  Each blend 
yielded 120 grams as the total mix weight.  The resulting blends were mixed using a Ross 
dispersion mixer at 3200 for 1 minute.  Each blend was checked visually after mixing to 
ensure full particulate homogeneity.  The non-halogenated flame retardant ingredients 
selected for this thesis were Exolit OP935, supplied by Clariant, Intumax AC-2, supplied 
by Broadview Technologies, Firebrake ZB, supplied by Rio Tinto and Melapur 200, 
supplied by BASF. The respective chemical structures for each of these ingredients is 
listed in Figures 2-2, 2-3, 2-4 and 2-5. 
Table 2-3: Flame retardant synergies and the respective masses added for each synergy 
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Synergy Ingredient 1 
PBW 
(g) 
Ingredient 2 
PBW 
(g) 
1 Firebrake ZB 10.00 Melapur 200 10.00 
2 Firebrake ZB 10.00 Exolit OP935 10.00 
3 Intumax AC-2 10.00 Melapur 200 10.00 
4 Intumax AC-2 10.00 Firebrake ZB 10.00 
5 Intumax AC-2 10.00 Exolit OP935 10.00 
6 Melapur 200 10.00 Exolit OP935 10.00 
 
 
Figure 2-2. Chemical structure of Exolit OP935 (aluminum salts of diethyl phosphinate). 
 
Figure 2-3. Chemical structure of Intumax AC-2 (Melamine Pyrophosphate). 
 
Figure 2-4. Chemical structure of Firebrake ZB (Zinc Borate). 
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Figure 2-5. Chemical structure of Melapur 200 (Melamine Polyphosphate). 
2.2 Characterization 
2.2.1 DSC Cure Analysis of DER 331 and Dicyanex 1400B 
DSC is viable method for analysis of Tg of an epoxy resin, in which the value can 
then be used to determine the highest degree of cure.  To ensure optimal cure of each 
blend in Table 2-1, the S-90 blend was arbitrarily selected and tested by DSC for onset 
and peak exothermic temperatures.   
A 10.0 (± 2) mg sample of the S-90 blend was weighted out on a milligram 
balance, enclosed in a hermetically sealed aluminum DSC pan, and loaded into a TA 
Instruments DSC Q200 with built in autosampler.  The DSC used in this thesis is shown 
in Figure 2-6.  The DSC scan temperature range for analysis was between 50-250°C with 
a scan rate of 5°C/min; five replicates were tested per this method.  The peak exothermic 
temperature for the S-90 blend was obtained from the resulting thermographs and is 
reported in section 3.1 as ≈190°C.  This peak exothermic temperature obtained was used 
as the DSC cure temperature, to optimize the A/E ratio of DER 331 to Dicyanex 1400B.   
Five samples at 10.0 (±2) mg each, for all blends listed in Table 2-1, were 
weighed out into aluminum hermetically sealed pans.  These samples were individually 
and sequentially loaded into the DSC instrument by the autosampler.  The DSC cure test 
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setup consisted of a 5°C/min scan to 190°C and a temperature isotherm at 190°C for 1 
hour.  The Tg test setup consisted of an equilibration at 40°C, followed by 10°C/min to 
200°C.  The average of five replicates for each A/E blend listed in Table 2-1 were 
compared, and the optimal (A/E) ratio was obtained at the maximum Tg value as reported 
in section 3.1.  
 
Figure 2-6.  TA instruments Q200 DSC used for cure development and Tg analysis. 
2.2.2 Evaluation of Optimal A/E After the Incorporation of Dyhard UR500 
 As described in section 2.1.2, the blends using an adjustment of DICY 
stoichiometry were evaluated with 1 PBW Dyhard UR500, to verify the effects of chain 
termination.  The DSC analysis for these samples consisted of five replicates, in 
hermetically sealed aluminum pans, being sequentially cured in the DSC and 
immediately evaluated for Tg.  The cure test setup consisted of a 5°C/min scan to 177°C 
and a temperature isotherm at 177°C for 1 hour.  To evaluate Tg after cure completion, 
the DSC equilibrated at 40°C and ramped at 10°C/min to 200°C.   
For the blends listed in Table 2-2, it needed to be ensured that the cure reaction 
achieved the maximum degree of chemical conversion, and that it was not limited by an 
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undesired degree of reactant diffusion [11-13].  Therefore, the DSC cure temperature of 
177°C and a cure time of 1 hour was used.  This cure was developed from the 
thermographs reported in section 3-2, which display the exothermic energy achieving its 
baseline equilibrium by 177°C for all three PBW levels of Dyhard UR500.  Five samples 
weighing 10.0 (±2) mg were weighed out into hermetically sealed aluminum pans and 
loaded into the DSC autosampler carousel.  Each sample was sequentially cured and 
evaluated for Tg.  The cure and Tg test setups were identical to those used for the 
evaluation of chain termination.  The cure consisted of a 5°C/min scan to 177°C and a 
temperature isotherm at 177°C for 1 hour.  After cure completion, the DSC equilibrated 
at 40° and ramped at 10°C/min to 200°C.  The obtained Tg values were averaged and are 
reported in section 3.2. 
2.2.3 Thermal Stability via TGA Analysis 
 The blends with 1,2 and 3 PBW Dyhard UR500 in Table 2-2 were prepared with 
the synergies listed in Table 2-3, according to the method listed in section 2.1.3.  For each 
blend, 5.0 (±0.01) g neat resin was weighed out into a separate 2” diameter aluminum tin.  
These samples were placed into programmed oven and ramped at 0.5°C/min to 121°C 
and isothermally held for 1 hour.  This 1 hour temperature hold was included to remove 
excess exothermic energy and prevent burning of the resin.  After completion of the 1 
hour temperature hold step, the samples were ramped at 0.5°C/min to 177°C and held 
isothermally for 1 hour at 177°C.  The resin was cooled at <2.78°C/min to ambient 
temperature.  Bulk samples of each catalyzed blend were removed from the aluminum 
tins and resin samples were cut to 6 (±1.5) mg. 
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Samples for the synergy blends with 0 PBW Dyhard UR500, which served as the 
control blends in this thesis work, were prepared in an identical manner to the blends 
containing Dyhard UR500.  However, the cure cycle used to prevent excess exothermic 
energy consisted of a temperature ramp at 1°C/min to 150°C, and then subsequently 
ramping from 150°C to 190°C at 0.28°C/min.  Once at 190°C, the temperature was held 
isothermally for 1 hour.  The resin was cooled at <2°C/min to ambient temperature.  This 
cure cycle was based on the cure indicated by DSC in section 2.2.1.  Bulk samples of 
each control blend were removed from the aluminum tins and resin samples were cut to 6 
(±1.5) mg. 
All blend samples were tested in a TA instruments Q500 TGA instrument with 
built in autosampler, shown Figure 2-8.  The samples were tested using platinum sample 
plans and were tested in accordance with ASTM method E1641-13 [62].  Since samples 
achieved a thermal equilibrium at 600°C, the analysis range was not increased to greater 
than the traditional 800°C [59-60].    Upon the completion of all test results, the 
activation energy, E, was determined by equation 2.2. 
𝐸 =
−(
𝑅
𝑏
)×∆(𝑙𝑜𝑔ß)
∆(
1
𝑇
)
 (2.2) 
Where R is the gas constant 8.314 J/(mol.k), b is the Doyle approximation, or the 
logarithm of the approximation derivative, T is the temperature at constant conversion in 
K, ß is the heating rate in K/min.  Using the method described in ASTM E1641-13, a 
graph of the logarithm of the heating rate in K/min vs temperature is plotted; if this graph 
yields a linear relationship, ASTM E1641-13 is a viable method to analyze a specific 
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polymer decomposition profile. All blend samples prepared in section 2.2.3 produced 
graphs depicting a linear relationship.  A representative graph is shown in Figure 2-7.  
 
Figure 2-7.  Representation of an ideal linear fit of the logarithm of the heating rate in 
K/min vs Temperature, illustrating the applicability of ASTM E1641-13. 
Once the values of E for each blend were determined, the thermal endurance 
curves of log(tf) vs 1000/Temperature in K, at 5% conversion, for each blend were 
created in accordance with ASTM E1877-11 [63] using equations 2.3 and 2.4. 
log 𝑡𝑓 =
𝐸
2.303 𝑅 𝑇𝑓
+ 𝑙𝑜𝑔 [
𝐸
𝑅 ß 
] – 𝑎 (2.3) 
𝑇𝑓 =
𝐸
2.303 𝑅[𝑙𝑜𝑔𝑡𝑓−𝑙𝑜𝑔{(
𝐸
𝑅 ß
)}+𝑎]
  (2.4) 
Where E is the activation energy determined by equation 2.2, R is the universal 
gas constant 8.314 J/(mol.K), a is the numerical integration constant for the specific E/RT 
value, as selected from reference Table 1 in ASTM 1877-11.  The variation observed 
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throughout this research in the thermal decomposition curves, as a function of different 
heating rates, is illustrated in Figure 2-9. 
 
Figure 2-8. TA instruments Q500 TGA instrument used for the determination of thermal 
decomposition data. 
 
Figure 2-9. TGA overlay illustrating the change imposed by heating rate on the same 
chemical blend. 
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2.2.4 UL-94 Flammability Test 
Composite specimens for UL-94 vertical burn analysis were prepared by creating 
a 102x152 mm composite laminate at 40% resin content, using 8 plies of T300B-3K 
carbon fabric, supplied by Fabric Development Inc.  To minimize any fiber orientation 
effects, all laminate plies were placed unidirectional.  Percent resin content was 
calculated per equation 2.5. 
%𝑅𝐶 =
𝑊−𝐷
𝑊
𝑋  100 (2.5) 
Where W is the wet weight of the impregnated fiber, and D is the dry weight of the fiber.   
Each resin blend that was prepared in 2.1.3 was placed into an individual casting 
mold with 8 plies T300B-3K carbon fabric and cured per the cure cycles developed and 
reported in section 2.2.3.  The cure for composite laminates was performed at 3000 psi 
using a programmed Carver hydraulic heat press, shown in Figure 2-10. 
 
Figure 2-10.  Carver programmable heat press used to cure UL-94 composite specimens 
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All specimens were cured between two steel caul plates to slow the rate of heat 
transfer to the resin and prevent runaway exothermic reactions or charring of the 
composite laminates.  After the prescribed cures listed in section 2.2.3 were completed in 
the hydraulic press, all specimens were cooled under pressure until ambient temperature 
was reached.  After cooling, all laminates were cut to 13.0 (±0.5) mm in width and 127 
(±1) mm in length.  One example set of UL-94 test specimens is shown in Figure 2-11.  
 
Figure 2-11. Examples of UL-94 specimens for the vertical burn test. 
 Once composite specimens for UL-94 were prepared to the proper dimensions, 
the UL-94 vertical burn test was performed in accordance with the UL-94 standard, as 
described in section 1.8.2.  An example of UL-94 vertical burn test being performed is 
shown in Figure 2-12. 
 
Figure 2-12. Apparatus with loaded specimen used for UL-94 vertical burn test. 
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3. RESULTS AND DISCUSSION 
As described in sections 2.2.2 and 2.2.3, six known flame retardant synergies in a 
DICY cured epoxy matrix were evaluated for thermal endurance by TGA and 
flammability per the UL-94 vertical burn test standard.  The target of this research was 
specifically to determine the effects that incorporating and increasing the level of a urone 
catalyst has on the flammability performance and thermal endurance of a DICY cured 
DGEBA epoxy resin containing non-halogenated synergies.  The control for each 
synergy blend contained only DICY as the curing agent.   
 First, the optimal cure stoichiometry was determined and appropriate cure cycles 
were developed through use of DSC.  Second, the change in reactivity and Tg with the 
incorporation of the urone catalyst, Dyhard UR500, was determined.  Third, the thermal 
endurance of each blend was determine using TGA.  Fourth, the flame resistance of each 
blend was evaluated using the UL-94 vertical burn test.  Finally, the relationship between 
the thermal endurance data and the UL-94 flame testing of the catalyzed blends will be 
compared to their respective control blends.   
Since value of Tf, or the slope of the RTI obtained from the thermal endurance 
curve, as calculated in ASTM 1877-11, is based on a specific time and temperature, the 
slope of each synergy’s thermal endurance curve will be used as the comparison value, to 
more adequately illustrate the differences over a wider temperature range.  Since the RTI 
graph is calculated from the value of E, it is understood that an increase or decrease in the 
value of E will be likewise observed in the slope of the RTI graph.  In the UL-94 testing, 
it was found that specific blends were more prone to failure because of composite 
delamination.  This failure is explained in each synergy results section and is 
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representative of the synergy of the specific flame retardants in the blend.  An example of 
failure by matrix-fiber delamination vs a specimen passing without delamination is 
shown in Figure 2-13.  
 
Figure 2-13. UL-94 test specimen comparison Left: Specimen failure due to matrix-fiber 
delamination, Right: Specimen passed, no matrix-fiber delamination. 
3.1 DSC Degree of Cure Evaluation by Tg 
 The glass transition of each blend in Table 3-1 were evaluated as described in 
section 2.2.1.  A graph of Tg vs percent stoichiometry is shown in Figure 3-1.  The 
numerical values are displayed in Table 3-1.  
Table 3-1: Stoichiometry percent and the obtained Tg values 
Stoichiometry  
(%) 
Tg Average  
(°C) 
95 136.88 
90 138.31 
85 139.99 
80 142.23 
75 140.45 
70 140.38 
65 137.84 
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Figure 3-1. Tg by DSC half height vs stoichiometry % for DER 331/Dicyanex 1400B 
blends. 
 The specific DICY curing agent when blended with DER 331 was found to 
achieve a maximum Tg of 142.23°C, as indicated in Table 3-1, when cured at the peak 
exothermic temperature of 190°C.  A representative thermograph of the variation 
observed due to the change in DICY stoichiometry is show in Figure 3-2.   
 
Figure 3-2. DSC thermograph of DER 331/Dicyanex 1400B blend, illustrating the shift in 
Tg with varied levels of Dicyanex 1400B. 
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3.2 Verification of Chain Termination by Incorporation of Dyhard UR500 
 A TA instruments Q200 DSC was used to evaluate varied levels of DICY with 1 
PPH of Dyhard UR500, as described in section 2.2.2.  The values in Table 3-2 were 
obtained from these analyses.  The subsequent cure development described in section 
2.2.2, of the blends listed in Table 2-2, is illustrated by the DSC thermograph in Figure 3-
3.  For these blends, the average of five replicates were used as the reported Tg values in 
Table 3-3.  It was observed that the findings by Poisson [14] were applicable to these 
blends, as a stoichiometric adjustment of the DICY did not allow the Tg to increase to its 
prior level.  As described in section 2.2.2, this was the reason no stoichiometry 
adjustment was needed for the addition of Dyhard UR500. 
Table 3-2: Stoichiometry percent and the obtained Tg values for 1 PBW Dyhard UR500 
and varied Dicyanex 1400B 
Stoichiometry (%)-UR500 (PBW) Tg Average (°C) 
80-1 136.1 
75-1 135.4 
70-1 137.6 
65-1 137.0 
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Figure 3-3. DSC thermograph overlay showing the reduction in onset temperature with 1, 
2, and 3 PBW Dyhard UR500. 
 
Table 3-3: Average Tg from 5 replicates of a DER 331 Epoxy cured with 80% Dicyanex 
1400B and 1,2 and 3 PBW Dyhard UR500 
Blend S-80-1 S-80-2 S-80-3 
Average Tg, °C 137.81 135.618 134.1 
 
3.3 Effect of Urone Concentration in Synergy 1- Zinc Borate and Melamine 
 Polyphosphate 
 
3.3.1 Synergy 1- TGA and UL-94 Results Summary 
For synergy 1, as listed in table 2-3, it was found that by using 0 PBW Dyhard 
UR500, the flame resistance was excellent for three out of five specimens, where 
immediate flame out was achieved after removal of the flame source.  However, two 
specimens failed by fiber-matrix delamination.  The RTI slope for the 0 PBW control 
blend possessed a value of 8.22. 
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With the addition of 1 PBW Dyhard UR500, the value of 8.22 for the RTI slope 
decreased to 6.58.  In the UL-94 test, there was a noticeable difference in the time to self-
extinguishment for two of the specimens, and one specimen still failed by fiber-matrix 
delamination.   
With the addition of 2 PBW Dyhard UR500, the RTI slope increased to 10.10.  
However, all but one specimen failed by fiber-matrix delamination in the UL-94 test.   
When 3 PBW of Dyhard UR500 was added to the blend, the RTI slope further 
increased to from 10.1 to 11.21, achieving the highest calculated value for this blend.  
This blend displayed the highest degree of flame resistance for synergy 1, with four out 
of five specimens achieving immediate flame out upon the removal of the flame source, 
and the fifth specimen achieving flame out within 7 seconds after removal of the flame 
source.  
3.3.2 Synergy 1 Rationale 
 Synergy 1 contained the zinc borate, Firebrake ZB, and melamine polyphosphate, 
Melapur 200.  As stated in section 1.7.3, zinc borate improves flame resistance properties 
by decreasing heat release rate, smoke evolution and carbon monoxide generation [51].  
Zinc borate follows a condensed phase mechanism, increasing the char yield of the 
polymer simultaneously increasing the thermal stability.  In turn, this reduces the 
flammability of the polymer through the reduction of available combustible volatiles 
[28].   
As described in section 1.7.5, Melapur 200 operates primarily in the gas phase, and to 
a small degree in the condensed phase, through the formation of phosphoric acid on the 
polymer surface during decomposition.  Melapur 200 endothermically decomposes in an 
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epoxy matrix, thereby acting as a heat sink, releasing inert nitrogen gases to dilute 
oxygen and other flammable gases responsible for flame propagation [29,46].   
The addition of each PBW of a urone catalyst to a DICY cured epoxy is known to 
cause chain termination and result in lower crosslink density [14].  As described in 
section 3-2, the effect of chain termination was verified to be valid for the blends.  It has 
also been shown that mechanisms for intumescence depend highly on the level of 
synergy between the gas phase and condensed phase [48].   
Zinc Borate is inorganic in nature and essentially unreactive with Dyhard UR500.  As 
such, the condensed phase mechanism caused by the presence of Firebrake ZB is likely 
uninfluenced by the incorporation of each additional PBW of Dyhard UR500.  Therefore, 
the flame resistance in synergy 1 is primarily affected by the interaction of Melapur 200 
with Dyhard UR500, and the contribution of this interaction to the condensed and gas 
phases.   
It is proposed that the fiber delamination observed in the control and with the addition 
of 1 and 2 PBW Dyhard UR500 are explained by work performed by Brown, et. al. [27].  
That is, the gases in the ignited carbon composite seek the easiest pathway to the flame 
but have become trapped in the char formed during initial decomposition.  The trapped 
gases, in turn, can cause pressure build up, ultimately causing the pressure to burst 
through the composite, resulting in fiber-matrix delamination and failure of the specimen.  
However, due to the changing molecular weight and distribution of the molecular weight 
of the epoxy resin with each addition of Dyhard UR500, this creates the potential for 
change in the easiest physical pathway to the flame.  This behavior of increased chain 
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scissions upon decomposition, resulting from shorter chain polymerized DGEBA resin, 
was also observed by Rakotomalala, et al [19].   
The variation in crosslink density and pathway for volatile release could account for 
the initial observed decrease in RTI slope, with minimal change in flame resistance, 
observed with the addition of 1 PBW Dyhard UR500.  This could also account for why 
the RTI slope increases with the addition of 2 PBW of Dyhard UR500, but significant 
delamination occurred in 4 out the five specimens.  It is probable that the addition of 
Dyhard UR500 at 1and 2 PBW created an alternate pathway through the composite for 
flammable volatiles to escape.  However, there was insufficient intumescent synergy to 
allow for full extinguishment of the composite, prior to pressure build up and burst, 
causing failure by fiber-matrix delamination. 
The addition of 3 PBW Dyhard UR500 appeared to create enough additional nitrogen 
synergy in the gas phase with the Melapur 200 to allow for dilution of the flame.  This 
promoted immediate full extinguishment of the flame upon the removal of the flame 
source.   
It reasonable to infer that Melapur 200 will have synergy with each increased level of 
Dyhard UR500, due to the nitrogen functionality of Dyhard UR500.  It is proposed that 
the epoxy molecular weight change, resulting from the addition of 1 and 2 PBW Dyhard 
UR500, created an alternate pathway, which trapping volatiles in nonporous char layers.  
These trapped volatiles eventually achieved high pressure build up and resulted in 
specimen failure.   
For 3 PBW Dyhard UR500, the nitrogen gases created by melamine polyphosphate, 
as well as the additional synergy from the nitrogen in the Dyhard UR500, were found to 
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create sufficient synergy to dilute the available flammable volatiles with nitrogen gas.  
The formation of a less dense pathway for this higher level of synergized gases to escape 
the composite was formed and is shown by the reduction in Tg for the addition of 3 PBW 
Dyhard UR500.  As a result, no specimens catalyzed by 3 PBW Dyhard UR500 failed by 
fiber-matrix delamination.  
The values for E and the resulting RTI slope values for synergy 1, at varied PBW 
of Dyhard UR500, are shown in Table 3-4.  These values were calculated in accordance 
with ASTM methods E1641-13 and E1877-11.  An overlay graph showing the variation 
of the RTI slopes for synergy 1 is shown in Figure 3-4. The UL-94 vertical burn test data 
for synergy 1, as well as the specimen dimensions, are shown in Table 3-4. 
Table 3-4: Synergy 1-variation of the activation energy, E, and the slope of the RTI graph 
with 0,1,2 and 3 PBW Dyhard UR500 added to the blend 
 
UR500 (PBW) Activation Energy, E (kJ/mol) Slope of RTI 
0 157.41 8.22 
1 125.99 6.58 
2 193.37 10.10 
3 214.70 11.21 
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Figure 3-4. Synergy 1-Relative thermal index graph overlay depicting the material 
lifetime: ▲0 PBW UR500 ♦1 PBW UR500 ●2 PBW UR500 ■3 PBW UR500. 
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Table 3-5: Synergy 1- UL-94 Specimen dimensions and time to self-extinguishment 
 
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
0 
1 13.00 3.05 0 0 
2 13.14 3.10 0 0 
3 12.69 3.18 0 0 
4 12.97 3.15 0 >60 
5 12.50 3.02 0 >60 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
1 
1 12.81 3.02 0 28 
2 12.86 3.00 0 5 
3 12.80 3.05 0 0 
4 12.52 3.06 0 0 
5 12.81 2.91 0 >60 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
2 
1 12.88 2.96 0 >60 
2 12.99 2.98 0 >60 
3 12.98 2.97 0 >60 
4 13.00 3.00 0 >60 
5 12.64 2.96 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
3 
1 13.48 3.10 0 0 
2 13.41 3.10 0 7 
3 13.45 3.14 0 0 
4 13.50 3.11 0 0 
5 13.60 3.14 0 0 
 
 
 
 
 
45 
 
3.4 Effect of Urone Concentration on Synergy 2- Zinc Borate and Aluminum 
 Diethyl Phosphinate 
3.4.1 Synergy 2- TGA and UL-94 Results Summary 
 The RTI slope for the control blend of Synergy 2, containing 0 PBW Dyhard 
UR500, was 11.79. The flame resistance per the UL-94 vertical burn test was excellent; 
all specimens achieved flame out upon immediate removal of the flame source.   
 With the addition of 1 PBW Dyhard UR500, the RTI slope decreased from 11.79 
to 8.81.  This decrease in the RTI was also observed in the UL-94 test, where 2 
specimens did not achieve immediate flame out upon removal of the flame source.   
 For the addition of 2 PBW Dyhard UR500, the RTI further decreased to from 8.81 
to 8.16 yet the UL-94 data shows that all five specimens achieved immediate flame out, 
identical to the control.   
 With the addition of 3 PBW Dyhard UR500, the RTI slope value increased from 
8.16 to 8.42, and the flame resistance remained unchanged from the 2 PBW level of 
addition of Dyhard UR500.   
3.4.2 Synergy 2 Rationale 
 As described in section 3.3.2, zinc borate operates in the condensed phase by the 
mechanism of intumescence and promoting higher thermal stability.  Aluminum diethyl 
phosphinate, Exolit OP935, due to its phosphorus nature, operates in both the condensed 
and vapor phase.   
 Due the high reactivity of the phosphorus group in Exolit OP935, volatiles 
evolved from the epoxy resin, which would otherwise assist in the formation of the char 
layer [53], are consumed by phosphinic acid [55], produced by the decomposing moieties 
of the organophosphorus.   
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 Referencing the control, the initial drop in the UL-94 flammability with the 
addition of 1 PBW Dyhard UR500, correlates to the calculated drop in the RTI slope.  As 
indicated with synergy 1 in section 3.3.2, it is believed that this is resultant from the 
reduction of crosslink density, thereby creating an alternate pathway for the volatile gases 
to reach the surface of the composite, and allowing for continued flame propagation.   
 With the addition of 2 PBW Dyhard UR500, the RTI slope was observed to 
further decrease, which can be explained by the additionally lower crosslinked 
compound, created by the addition of 2 PBW urone catalyst.  However, the flame 
resistance by UL-94 was shown to achieved immediate flame out, an improvement over 1 
PBW of Dyhard UR500.  This behavior in flame resistance is likely attributed to the 
synergy between phosphorus and nitrogen, resulting from the increased amount of 
nitrogen in the Dyhard UR500.   
 The addition of 3 PBW Dyhard UR500 showed that the calculated RTI slope 
increased and the flame resistance remained unchanged from the 2 PBW.  Even though 
there was a decrease in the crosslink density, it is proposed that the RTI has increased due 
to the increased amount of Dyhard UR500, creating additional nitrogen synergy, and 
thereby maintaining a higher thermal stability retarding thermal decomposition. 
 It is known that Dyhard UR500 releases nitrogen gas moieties upon 
decomposition [21-24].  Increasing the quantity of nitrogen released increases the flame 
resistance by diluting the combustible volatiles that are produced.  These combustible 
volatiles are then subsequently reacted with the phosphinic acid, formed upon the 
decomposition of Exolit OP935.   
47 
 
 Despite the release of gaseous phosphinic acids [55] from Exolit OP935, there 
was no buildup of pressure within the composite laminates, resulting in failure by fiber-
matrix delamination.  This is likely due to the reactive nature of phosphinic acid and its 
ability to scavenge flammable volatiles, rather than simply diluting the available oxygen 
with nitrogen, as in synergy 1. 
The values for E and the resulting RTI slope values for synergy 2, at varied PBW 
of Dyhard UR500, are shown in Table 3-6.  These values were calculated in accordance 
with ASTM methods E1641-13 and E1877-11.  An overlay graph showing the variation 
of the RTI slopes for synergy 2 is shown in Figure 3-5. The UL-94 vertical burn test data 
for synergy 2, as well as the specimen dimensions, are shown in Table 3-7. 
Table 3-6: Synergy 2-variation of the activation energy, E, and the slope of the RTI graph 
with 0,1,2 and 3 PBW Dyhard UR500 added to the blend 
UR500 (PBW) Activation Energy E (kJ/mol) Slope of RTI 
0 225.76 11.79 
1 168.61 8.81 
2 156.27 8.16 
3 161.14 8.42 
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Figure 3-5. Synergy 2-Relative thermal index graph overlay depicting the material 
lifetime:▲0 PPH UR500 ♦1 PPH UR500 ●2 PPH UR500 ■3 PPH UR500. 
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Table 3-7: Synergy 2- UL-94 Specimen dimensions and time to self-extinguishment 
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
0 
1 12.70 3.25 0 0 
2 12.60 3.29 0 0 
3 12.63 3.26 0 0 
4 12.50 3.14 0 0 
5 12.68 3.27 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
1 
1 12.53 2.96 0 0 
2 13.00 3.00 0 0 
3 12.55 2.90 0 8 
4 13.29 2.91 0 1 
5 12.89 3.00 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
2 
1 13.33 2.98 0 0 
2 13.34 3.03 0 0 
3 13.17 3.00 0 0 
4 13.13 3.00 0 0 
5 13.50 3.01 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
3 
1 13.29 3.11 0 0 
2 13.23 3.13 0 0 
3 13.12 3.08 0 0 
4 13.09 3.12 0 0 
5 13.03 3.07 0 0 
3.5 Effect of Urone Concentration on Blend 3: Melamine Polyphosphate and  
 Melamine Pyrophosphate 
3.5.1 Synergy 3- TGA and UL-94 Results Summary 
 For synergy 3, the control blend showed three out of five specimens achieving 
flame out upon immediate removal of the flame source.  The RTI was shown to have the 
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highest value for synergy 3 at 8.53.  In the UL-94 test, two of the control specimens 
failed by delamination.   
 The values of E and the slope of the RTI were found to decrease from 8.52 to 7.86 
with the addition of 1 PBW Dyhard UR500.  Although there was a decrease in the RTI 
slope, the flame resistance with 1 PBW Dyhard UR500 remained like the flame 
resistance of the control, but with no specimens failing by delamination.   
 With the addition of 2 PBW Dyhard UR500, the RTI slope further decreased from 
7.86 to 7.21 and the flame resistance decreased, with 1 specimen failing by delamination 
and 3 specimens not achieving self-extinguishment immediately after flame removal. 
 With the addition of 3 PBW Dyhard UR500, the values of E and the RTI slope 
slightly increased above that of the blend containing 2 PBW Dyhard UR500, raising from 
7.21 to 7.34.  The flame resistance in the UL-94 test also increased, where all five 
specimens self-extinguished immediately upon removal from the flame source. 
3.5.2 Synergy 3 Rationale 
 As stated in section 3.3.2, melamine polyphosphate, Melapur 200, operates 
primarily in the gas phase by the release of nitrogen gas to dilute the flammable volatiles.  
However, there is some degree of condensed phase behavior.  Increasing the level of 
Dyhard UR500 increases the level of nitrogen in the vapor and condensed phase upon 
decomposition, in addition to the reducing the crosslink density.  Melamine 
pyrophosphate, or Intumax AC-2, functions primarily in the condensed phase, promoting 
intumescence, or the formation of char on the surface of the polymer.  However, there is 
also some degree of gas phase reactivity. 
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 The UL-94 test for synergy 3 indicated that the control blend had two specimens 
fail due to matrix-fiber delamination, but the other three specimens achieved immediate 
flame out.  The RTI value for the control was 8.53 and decreased to 7.86 with the 
addition of 1 PBW of Dyhard UR500.  However, the flame resistance of the blend with 1 
PBW of Dyhard UR500 was shown to increase significantly, as no specimens failed by 
delamination, with only one specimen taking an additional second after flame removal.  
Despite the decrease in crosslink density, the flame resistance of the composite improved. 
This effect could be attributed to the effects of optimal synergy between the condensed 
phase and the vapor phase, as described by Zhang, et al [48]. 
 The rationale described by Zhang, et al. is further implied, as the addition of 2 
PBW Dyhard UR500 further decreased the RTI to 7.21.  However, with the additional 
level of 2 PBW of Dyhard UR500, the flammability of the of the composite noticeably 
increased.  Four out of five specimens did not achieve full self-extinguishment upon 
immediate removal of the flame source, with one of these specimens failing by 
delamination.  The blend containing 2 PBW Dyhard UR500 possessed the highest 
flammability and this correlates to the lowest RTI value.  As one specimen failed by 
delamination, it is believed that the increased flammability is a result of increased 
nitrogen gas release from Melapur 200, resulting from the reduction in the crosslink 
density.  This ultimately resulted in pressure build up through an alternate pathway for 
thermal decomposition, as described in section 3.3.2.  Since both flame retardants in this 
blend promote flame resistance in both the condensed and vapor phase, the failure was 
not as catastrophic as synergy 1.    
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 For the blend containing 3 PBW of Dyhard UR500, the highest degree of flame 
resistance was observed.  The value for the RTI slope at 7.34 was higher than the value of 
7.21, which was obtained for the 2 PBW blend.  No specimens containing the addition of 
3 PBW Dyhard UR500 failed by delamination, and all immediately self-extinguished 
upon the removal of the flame source.  It appears that the reduction of the molecular 
weight between crosslinks is beneficial at 3 PBW Dyhard UR500.   
 As the crosslink density decreases and the physical pathway becomes broader 
with each PBW of Dyhard UR500, the higher level of nitrogen in the Dyhard UR500 
allows for additional release of nitrogen moieties [24].  These nitrogen moieties, in turn, 
promote higher level synergy of vapor dilution with the Melapur 200 and the formation 
of char with the Intumax AC-2.    
The values for E and the resulting RTI slope values for synergy 3, at varied PBW 
of Dyhard UR500, are shown in Table 3-8.  These values were calculated in accordance 
with ASTM methods E1641-13 and E1877-11.  An overlay graph showing the variation 
of the RTI slopes for synergy 3 is shown in Figure 3-6. The UL-94 vertical burn test data 
for synergy 3, as well as the specimen dimensions, are shown in Table 3-9. 
Table 3-8: Synergy 3-variation of the activation energy, E, and the slope of the RTI graph 
with 0,1,2 and 3 PBW Dyhard UR500 added to the blend. 
UR500 PBW Activation Energy, E (kJ/mol) Slope of RTI 
0 163.32 8.53 
1 150.53 7.86 
2 138.10 7.21 
3 140.63 7.34 
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Figure 3-6. Synergy 3-Relative thermal index graph overlay depicting the material 
lifetime: ▲0 PPH UR500 ♦1 PPH UR500 ●2 PPH UR500 ■3 PPH UR500. 
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Table 3-9: Synergy 3- UL-94 Specimen dimensions and time to self-extinguishment 
UR500 (PBW) Specimen # Width (mm) Thickness (mm) T1 (s) T2 (s) 
0 
1 12.73 3.15 0 0 
2 13.07 3.15 0 >60 
3 13.13 3.11 0 >60 
4 12.60 3.10 0 0 
5 12.66 3.20 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
1 
1 12.59 3.25 0 1 
2 12.75 3.17 0 0 
3 12.52 3.21 0 0 
4 12.56 3.24 0 0 
5 12.51 3.20 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
2 
1 13.29 2.91 0 10 
2 13.30 2.98 0 >60 
3 13.20 2.96 0 3 
4 13.15 2.94 0 2 
5 13.45 2.98 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
3 
1 13.34 3.20 0 0 
2 13.36 3.19 0 0 
3 13.32 3.31 0 0 
4 12.90 3.29 0 0 
5 13.01 3.17 0 0 
3.6 Effect of Urone Concentration on Blend 4 Melamine Pyrophosphate and 
 Zinc Borate 
3.6.1 Synergy 4- TGA and UL-94 Results Summary 
 The slope of the RTI was found to be maximized in the control blend at 9.61.  The 
flame resistance of the control was rather poor, with 3 out of 5 specimens that failed by 
55 
 
delamination, with the remaining two specimens self-extinguished upon immediate 
removal of the flame source.   
 With the addition level of 1 PBW Dyhard UR500, the RTI value decreased from 
9.61 to 7.18, but only two specimens failed by delamination, with the three remaining 
specimens achieving flame out in less than 3 seconds after flame removal.    
 The addition of 2 PBW Dyhard UR500 produced an RTI slope from 7.18 to 8.16.  
No specimens failed by delamination, and all achieved flame out in less than 3 seconds 
after removal from the flame.   
 With the addition of 3 PBW Dyhard UR500, the RTI slope further increased from 
8.16 to 9.43, with the flame resistance remaining comparable to the 2 PBW blend.   
3.6.2 Synergy 4 Rationale  
 As explained in the in sections 1.7.3, and section 3.5.2, zinc borate, Firebrake ZB, 
functions entirely in the condensed phase, and Intumax AC-2 functions in the mostly in 
condensed phase, with some degree of reactivity in gas phase by scavenging reactive free 
radicals [29,31-33].  Intumax AC-2 functions by achieving a quick thermal 
decomposition, once activated, and it possesses reactivity with the nitrogen functionality 
of the Dyhard UR500.  Firebrake ZB also increases char formation but does not promote 
a decrease in the thermal stability as part of the char formation process.   
 Because neither of the flame retardants in synergy 4 are strong spumifics in the 
gas phase, and it is known that the release of gas is critical to high intumescent flame 
resistance performance [47-48], there should be noticeable changes with varied levels of 
urone catalyst.  Since increasing the PBW of Dyhard UR500 will decrease the crosslink 
density, creating an alternate pathway for gases to release to the surface, the flame 
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resistance in the gas phase will be governed by the level synergy from Dyhard UR500 
with Intumax AC-2, as Firebrake ZB doesn’t operate in the gas phase.   
The control blend was found to fail by delamination for all but 1 of the specimens, 
although the RTI slope was found to be high at 9.61.  This is attributed to volatiles being 
trapped in the composite, eventually resulting in pressure build up and release, causing 
the continuation of flame propagation.   
The flame resistance improved significantly with the addition of 1 PBW Dyhard 
UR500, with only 2 specimens failing by delamination and the remaining specimens 
achieving self-extinguishment within less than 10 seconds.  Yet, the RTI was shown to 
decrease significantly to from 9.61 to 7.18.  The decrease in the RTI slope is likely 
attributed to the decrease in the crosslink density resulting from the addition of Dyhard 
UR500.  The reduction in flame resistance and failure due to fiber-matrix delamination is 
possibly due to some degree of pressure build up in the laminate.  It is also possible that 
there is simply insufficient synergy between the Intumax AC-2 and the Firebrake ZB in 
gas phase to promote the intumescent behavior in the condensed phase, resulting in the 
failure to self-extinguish.   
 With the addition of 2 and 3 PBW of Dyhard UR500, the RTI slope values 
increased to 8.16 and 9.43, respectively.  However, the flame resistance by the UL-94 test 
was comparable, with no significant difference in results between 2 PBW and 3 PBW 
blends.  Each blend had only two specimens requiring less than 10 seconds to achieve 
self-extinguishment and with all remaining specimens immediately self-extinguishing.  
The flame resistance of the 2 and 3 PBW blends did increase in comparison to the 1 PBW 
and control blends.   
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 The increase in RTI slope for the 2 and 3 PBW blends is possibly due to the 
Intumax AC-2 promoting synergy among the Dyhard UR500 reducing the crosslink 
density, and promoting an increased level of gas phase radical scavenging by the Intumax 
AC-2, and the Firebrake ZB, increasing the thermal stability of the condensed phase.   
 Because of the high thermal stability of Firebrake ZB, the matrix will maintain 
thermal integrity for longer, prior to decomposing the phosphorus groups in Intumax AC-
2, which promote gas phase reactivity.  With each addition of Dyhard UR500, the amount 
of radical scavenging that occurs in the gas phase increases, due to the nitrogen synergy 
with Intumax AC-2.  Likewise, the available thermal pathway for volatiles to escape also 
changes.  These changes could account for the increase in the RTI slope with, yet 
minimal changes in flame resistance above at 2 and 3 PBW Dyhard UR500. 
The values for E and the resulting RTI slope values for synergy 4 at varied PBW 
of Dyhard UR500 are shown in Table 3-10.  These values were calculated in accordance 
with ASTM methods E1641-13 and E1877-11.  An overlay graph showing the variation 
of the RTI slopes for synergy 4 is shown in Figure 3-7. The UL-94 vertical burn test data 
for synergy 4, as well as the specimen dimensions, are shown in Table 3-11. 
Table 3-10: Synergy 4-variation of the activation energy, E, and the slope of the RTI 
graph with 0,1,2 and 3 PBW Dyhard UR500 added to the blend 
UR500 (PBW) Activation Energy, E (kJ/mol) Slope of RTI 
0 183.99 9.61 
1 137.39 7.18 
2 156.18 8.16 
3 180.51 9.43 
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Figure 3-7. Synergy 4-Relative thermal index graph overlay depicting the material 
lifetime:▲0 PPH UR500 ♦1 PPH UR500 ●2 PPH UR500 ■3 PPH UR500. 
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Table 3-11: Synergy 4- UL-94 Specimen dimensions and time to self-extinguishment 
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
0 
1 12.94 3.12 0 >60 
2 12.57 3.05 0 >60 
3 13.04 2.98 0 >60 
4 12.75 3.14 0 >60 
5 12.95 3.15 0 0 
      
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
1 
1 12.53 3.03 0 >60 
2 12.57 3.06 0 1 
3 12.50 3.04 0 >60 
4 12.58 3.07 0 0 
5 12.61 3.06 0 2 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
2 
1 13.44 2.98 0 0 
2 13.45 3.01 0 0 
3 13.25 2.92 0 2 
4 13.40 2.97 0 1 
5 13.31 3.00 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
3 
1 12.98 3.15 0 3 
2 13.04 3.05 0 9 
3 13.15 3.07 0 0 
4 12.80 3.14 0 0 
5 13.09 3.17 0 0 
3.7 Effect of Urone Concentration on Blend 5 Melamine Pyrophosphate and 
 Aluminum Diethyl Phosphinate 
3.7.1 Synergy 5- TGA and UL-94 Results Summary 
 The value of the RTI slope for the control blend was found to be 7.65.  In the UL-
94 test, all five specimens achieved immediate flame out upon removal of the flame 
source. 
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 The RTI slope decreased to 7.26 with the addition of 1 PBW Dyhard UR500, and 
the flame resistance in the UL-94 test remained unchanged from the control blend. 
 With the addition of 2 PBW Dyhard UR500, the RTI slope was shown to decrease 
to from 7.26 to 6.56.  In the UL-94 test, the flame resistance remained unchanged from 
the control and 1 PBW blend, with all specimens achieving immediate flame out.   
 Finally, with the incorporation of 3 PBW Dyhard UR500, the RTI was shown to 
increase above that of the control value of 7.65, to 8.17, but once again, the flammability 
resistance per the UL-94 test remained unchanged. 
3.7.2 Synergy 5 Rationale  
 For synergy 5, Intumax AC-2 is known to function in both the gas and condensed 
phases, but primarily in the condensed phase by promoting rapid char formation as 
described in section 3.6.2.  The behavior of Exolit OP935, as initially described in section 
3.4.2, also functions in both the gas and condensed phases, but is dominant in the gas 
phase.   
 Initially, the RTI slope decreased from 7.65 for the control, to 7.26 and 6.56 with 
the addition of 1 and 2 PBW, respectively, of Dyhard UR500.  With the addition of 3 
PBW Dyhard UR500, the RTI slope increased above that of the control to 8.17.  Despite 
these changes in the RTI, the flame resistance per the UL-94 test remained unchanged.  
 It has been well illustrated with the other synergy blends in this thesis that the 
addition of Dyhard UR500 decreases the crosslink density, thereby creating an alternate 
pathway for thermal gases to either escape, or be trapped.  It has been shown by Döring 
and Diederichs [58] that metal phosphinates, such as Exolit OP935, achieve exceptional 
high flame resistance potential when synergized with nitrogen based compounds.   
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 Despite the initial decrease in the RTI slope with the addition of Dyhard UR500, 
the flame resistance remained exceptional.  This is attributed to the excellent synergy 
between the flame retardants in synergy 5.   
 The decrease in the value for the RTI slope, for the addition of 1 and 2 PBW 
Dyhard UR500, is attributed to the decrease in the crosslink density.  It is proposed that 
there is insufficient nitrogen synergy from the PBW level of Dyhard UR500 to increase 
the amount of radical scavenging, primarily by the Exolit OP935, prior to the rapid 
decomposition of Intumax AC-2 in the condensed phase.  Due to this lack of synergy 
with radical scavenging in the condensed phase, the Intumax AC-2 decomposes sooner in 
1 and 2 PBW Dyhard UR500 blends. Consequently, this yields a lower value for the RTI 
slope.   
 At 3 PBW Dyhard UR500, there appears to be sufficient nitrogen synergy to 
promote the radical scavenging of Exolit OP935 and increase the value of the RTI slope. 
 The values for E and the resulting RTI slope values for synergy 5, at varied PBW 
of Dyhard UR500, are shown in Table 3-12.  These values were calculated in accordance 
with ASTM methods E1641-13 and E1877-11.  An overlay graph showing the variation 
of the RTI slopes for synergy 5 is shown in Figure 3-8. The UL-94 vertical burn test data 
for synergy 5, as well as the specimen dimensions, are shown in Table 3-13. 
Table 3-12: Synergy 5-variation of the activation energy, E, and the slope of the RTI 
graph with 0,1,2 and 3 PBW Dyhard UR500 added to the blend 
UR500 (PBW) Activation Energy, E (kJ/mol) Slope of RTI 
0 146.55 7.65 
1 138.99 7.26 
2 125.58 6.56 
3 156.39 8.17 
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Figure 3-8. Synergy 5-Relative thermal index graph overlay depicting the material 
lifetime:▲0 PPH UR500 ♦1 PPH UR500 ●2 PPH UR500 ■3 PPH UR500. 
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 Table 3-13: Synergy 5- UL-94 Specimen dimensions and time to self-extinguishment 
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
0 
1 13.50 2.96 0 0 
2 13.42 3.01 0 0 
3 13.49 2.90 0 0 
4 13.30 2.94 0 0 
5 13.45 2.96 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
1 
1 13.30 3.29 0 0 
2 13.17 3.28 0 0 
3 13.45 3.29 0 0 
4 12.83 3.23 0 0 
5 12.90 3.34 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
2 
1 13.40 3.06 0 0 
2 13.41 2.88 0 0 
3 13.49 3.07 0 0 
4 13.50 3.04 0 0 
5 13.42 3.07 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
3 
1 12.53 2.98 0 0 
2 12.45 2.99 0 0 
3 12.55 2.98 0 0 
4 12.44 2.92 0 0 
5 12.94 2.91 0 0 
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3.8 Effect of Urone Concentration on Blend 6: Melamine Polyphosphate and 
 Aluminum Diethyl Phosphinate 
3.8.1 Synergy 6- TGA and UL-94 Results Summary 
 Synergy 6 is the second blend that was determined by the UL-94 vertical burn test 
to be invariably the same, regardless of the addition level of Dyhard UR500.  In each 
blend, each specimen immediately achieved flame out upon removal of the flame source.  
However, with the addition of each PBW of Dyhard UR500, there was a decrease in the 
RTI slope.  The control blend started at 8.97 and with additions of 1, 2, and 3 PBW 
Dyhard UR500, the RTI decreased to 8.87, 8.77, and 8.52 respectively. 
3.8.2 Synergy 6 Rationale  
 For synergy 6, Melapur 200 is known to function in both the gas and condensed 
phases, but primarily in the gas phase as described in section 3.3.2.  The behavior of 
Exolit OP935, as described in section 3.4.2 also functions in both the gas and condensed 
phase, but like Melapur 200, dominates in the gas phase.   
 The uniform decrease in the RTI slope is likely due to both flame retardants 
primarily acting in the gas phase and the crosslink density being reduced by the Dyhard 
UR500, thus allowing radical scavengers to easily reach the surface and react with 
flammable volatiles.   Because there was no flame-retardant synergy dominating in the 
condensed phase, the phosphorus nature of both flame retardants in this synergy is to 
rapidly decompose to dilute and scavenge any flammable volatiles.  Thus, the RTI slope 
steadily decreases and the high flame resistance throughout all blends of synergy 6 is 
maintained, regardless of the PBW of Dyhard UR500 added to the blend.   
 The values for E and the resulting RTI slope values for synergy 6, at varied PBW 
of Dyhard UR500, are shown in Table 3-14.  These values were calculated in accordance 
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with ASTM methods E1641-13 and E1877-11.  An overlay graph showing the variation 
of the RTI slopes for synergy 6 is shown in Figure 3-9. The UL-94 vertical burn test data 
for synergy 6, as well as the specimen dimensions, are shown in Table 3-15. 
Table 3-14: Synergy 6-variation of the activation energy, E, and the slope of the RTI 
graph with 0,1,2 and 3 PBW Dyhard UR500 added to the blend 
UR500, PPH Activation Energy E, kJ/mol Slope of RTI 
0 171.72 8.97 
1 169.92 8.87 
2 167.97 8.77 
3 163.21 8.52 
 
 
Figure 3-9. Synergy 6-Relative thermal index graph overlay depicting the material 
lifetime:▲0 PPH UR500 ♦1 PPH UR500 ●2 PPH UR500 ■3 PPH UR500. 
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Table 3-15: Synergy 6- UL-94 Specimen dimensions and time to self-extinguishment 
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
0 
1 13.07 3.10 0 0 
2 13.05 3.20 0 0 
3 12.58 3.09 0 0 
4 13.18 3.07 0 0 
5 12.70 3.14 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
1 
1 12.54 3.16 0 0 
2 13.31 3.20 0 0 
3 13.29 3.26 0 0 
4 12.86 3.14 0 0 
5 12.84 3.17 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
2 
1 13.45 3.13 0 0 
2 13.26 3.01 0 0 
3 13.29 3.04 0 0 
4 13.10 3.13 0 0 
5 13.35 3.01 0 0 
            
UR500 (PBW) Specimen (#) Width (mm) Thickness (mm) T1 (s) T2 (s) 
3 
1 13.00 3.16 0 0 
2 13.03 3.15 0 0 
3 13.19 3.15 0 0 
4 12.96 3.16 0 0 
5 13.23 3.14 0 0 
 
4.  SUMMARY AND CONCLUSIONS 
The effects of varied addition levels of Dyhard UR500 in a DICY cured DGEBA 
epoxy resin on selected non-halogenated flame retardant synergies by methods of the UL-
94 test standard and Thermogravimetric Analysis were evaluated.   
 
67 
 
A uniform factor in all synergies studied is the effect on chain termination that 
Dyhard UR500 posed to the DICY cured DGEBA epoxy resin.  The results obtained 
imply the urone catalyst level is an aid in certain synergies, due to its nitrogen 
functionality.  However, in other synergies, the effects of Dyhard UR500 resulted in 
delamination from pressure buildup and release of trapped volatiles within the composite 
laminate, causing failure by delamination in the UL-94 test.  This phenomenon is 
attributed to the creation of an alternate thermal decomposition pathway, resulting from 
the reduction in crosslink density with increased urone catalyst. 
Each synergy possessed a different start and end value for the RTI slope for a 
given level of urone catalysis. Each synergy also possessed a different degree of flame 
resistance, at the specific PBW addition level of Dyhard UR500 for a given RTI slope. 
It is concluded that the RTI slope is specific to each individual blend, and 
generalizations about a specific RTI slope that provides a specific degree of flame 
resistance with catalysis is irrelevant, unless paired with flammability test data that shows 
the correlation to the RTI slope.  After the analysis of the RTI slope and the UL-94 are 
completed, a review of the synergy mechanism for the flame retardants must be 
employed to understand the relationship between in the change of the RTI slope as a 
function of the selected catalysis.    
5. RECOMMENDATIONS FOR FUTURE WORK 
5.1 Test Flame Retardant Synergies That Use Other Flame Retardant 
 Mechanisms 
 
In this thesis, inorganic and phosphorus based flame retardants were employed to 
determine the effects of urone catalysis.  Mineral fillers such as aluminum hydrates and 
magnesium hydrates, which promote reaction cooling and flame resistance through the 
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release of loosely bound water, were not evaluated.  The effects of cooling on the flame 
resistance and the changes created by incorporating different levels of urone catalyst 
could be studied.  This could be accomplished by using the blends in Table 2-2 as a 
starting point, combining each blend with 20 PBW of either two different metal hydrates, 
or 10 PBW metal hydrate with any of the flame retardants studied in this thesis.  The 
method of determining the RTI slope and UL-94 vertical burn data could be replicated for 
these blends in a manner similar to that conducted in this thesis. 
5.2 Evaluation of Different Fabric Types for UL-94 
 This thesis research focused entirely on the use of carbon fiber as the 
reinforcement for the epoxy resin in the UL-94 specimen creation.  However, as noted in 
section 1.5, carbon fiber assists in the char formation process during decomposition of 
epoxy resins.   
 Glass fiber, although known to be non-flammable, relies heavily on the flame 
resistance of the matrix resin, as there is no ability for the fiber to form a char layer that 
synergizes with the decomposing epoxy.  The flame resistance of glass composites could 
be evaluated using the blends in this thesis, if tested per identical conditions in the UL-94 
vertical burn test. Performing this analysis and comparing results to the data obtained on 
carbon fiber would demonstrate the significance of the effect that the carbon char 
formation has on the synergies evaluated in this study.   
5.3 Evaluate the effects of different catalysts with DICY 
 Of the many commercially available catalysts for epoxy resins cured with 
dicyandiamide, only one was selected for study in this thesis.  Other catalysts to be 
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evaluated could include an imidzole, such as 2,4 ethyl methyl imidazole, a tertiary amine, 
such as triethylamine, or an aromatic amine, such as diethyltoluenediamine.   
 Each of catalysts will form a different molecular weight distribution and crosslink 
density with a DICY cured DGEBA epoxy than the Dyhard UR500 does when cured with 
DICY.  The reduction in the crosslink density that occurred with the use of Dyhard 
UR500 was found to be a very significant factor in the values for the slope of the RTI, 
and the UL-94 testing.  It is therefore proposed that the evaluation of these different 
catalysts will facilitate the further refinement of the use of TGA and the UL-94 vertical 
burn test as tools to determine the effects that varying the catalyst level has on non-
halogenated flame retardant synergies. 
5.4 Optimize Flame Retardant Levels 
The addition of 10 PBW flame retardant was incorporated into each synergy 
blend.  Based on the results for synergies 2, 5 and 6, it is known that these levels in the 
control blend are above the needed level to achieve superior flame resistance by the UL-
94 vertical burn test.  However, it was determined from synergies 1,3 and 4, that the 
loading levels were not optimized in the control to achieve superior flame resistance or 
immediate flame out upon removal from the flame source. 
It is proposed that the flame-retardant levels of synergies 1,3 and 4 be increased 
by 10 total PBW of flame retardant in the blend, and that levels not set at equal 
proportions to each other are also included.  Once developed, these new flame-retardant 
levels would be evaluated per the UL-94 vertical burn test, as well as by TGA for 
analysis of the slope of the RTI.  Examples of these increases could be PBW ratios of 
15:15, 20:10, 10:20, 25:5 and 5:25.  All of these blends would reuse the components 
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listed in Table 2-3, simply at different ratios.  It is also proposed that the 10 PBW level 
for the synergies 5 and 6, which were found to show no deviation in flame resistance, 
regardless of the level of urone catalyst incorporated, be reduced to 10:5, 5:10, 16:4 and 
4:16. 
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